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ABSTRACT

This paper presents a case study on fault location, characterisation and diagnosis in
a length of shielded 11 kV medium voltage ethylene-propylene rubber (EPR) power
cable. The defect was identified on-site as a low resistance fault occurring between the
sheath and the core. A 43 m section was removed for further analysis. The fault
resistance was characterised and the location of the defect pinpointed to within a few
cm using a combination of time-difference-of-arrival location and infra-red imaging. A
combination of X-ray computed tomography, scanning electron microscopy and energy
dispersive X-ray spectroscopy were then applied to characterise any abnormalities in
the dielectric surrounding the breakdown region. A significant number of high density
contaminants were found to be embedded in the dielectric layer, having an average
diameter of the order of 100 um, a maximum diameter of 310 um and an average
density of 1 particle per 2.28 mm?. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy were used to determine the geometry and elemental composition of
some initial contaminant samples. It was concluded that contamination of the EPR
layer, combined with an observed eccentricity of the cable’s core and sheath resulting
in a reduced insulation gap, may have led to an electric field concentration in the
region of the defect sufficient to initiate breakdown. Preventative strategies are
discussed for similar families of cables, including more stringent dielectric testing
requirements at the manufacturing stage and PD monitoring to detect incipient failure.

Index Terms — Power cable insulation, power system faults, condition monitoring,
dielectric breakdown.

1 INTRODUCTION preventative maintenance through the use of on-line partial
discharge (PD) monitoring can allow an incipient fault to be
detected and located before an eventual failure occurs [1]-[4]. If
the initial defect is not detected in its incipient stages, it may
increase in severity, eventually leading to complete breakdown.
Increased defect severity may be characterised by, for example, a
change in resistivity, a break in the conductors or by partial
bridging of the insulation. Various approaches to defect location
[5] have been developed over the years with each method having
its own relative merits. The severity of such defects often

POWER cables form an integral part of power generation,
transmission and distribution systems. With an increasing rate of
failure due to ageing and operational stresses, maintaining the
integrity of a cable network through effective monitoring and
replacement is a subject of importance today. Understanding the
characteristics, location strategies and underlying causes of a
cable fault can be effective in informing monitoring and
replacement schemes for such assets in the future. In many cases,
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precludes the application of partial discharge monitoring.

The aim of this case study was firstly to apply an effective
post-fault location technique in the lab to pinpoint the fault on a
length of cable that has been taken out of service. Secondly, the
study aims to characterise the geometric detail of the region
surrounding the fault through the application of X-ray and
microscopy techniques, allowing a hypothesis to be proposed for
the initial cause of breakdown. It is suggested that the reported
measurements on a medium voltage EPR cable, of the type
commonly used in power generation, will inform improved
future PD monitoring and testing strategies, leading to a reduced
failure rate in generation networks of this type.

1.1 THE CABLE SAMPLE

The cable was single phase EPR, rated at 11 kV. A length
of 43 m was removed and taken out of service after the
occurrence of a breakdown and transferred to the laboratory
for further testing. The section under examination was
manufactured in 1983 to standard BS6622 [6] and has been in
service from this date until the breakdown occurred in 2009.
The cable had a single core stranded compacted aluminium
inner conductor, stripable semiconducting screen, EPR
dielectric, wound copper tape outer conductor, PVC bedding,
aluminium wire armour and a PVC outer sheath with reduced
flame propagation characteristics. No PD monitoring was
previously applied on site (although PD may have initially
occurred before breakdown). During operation, the defect
increased in severity forming a partially-conductive channel
through the insulation layer. This precluded PD-based location
techniques. The following sections will describe an
investigation of the fault characteristics, detailing the location
methods applied and the accuracy of these methods in this
case.

2 DEFECT LOCATION

2.1 INITIAL DIAGNOSIS

Initial tests aimed to determine the defect type. These were
first carried out using an insulation resistance testing device to
investigate any discrepancies in the core, sheath and insulation
resistances. No abnormalities were found in the conductors,
but the resistance between outer and inner conductor was
found to vary between 1 - 10 MQ at an applied voltage of
500 V rms, indicating a possible shunt resistance defect.
Results of fault resistance measurement were not repeatable,
varying by several MQ on each occasion. The cable was next
tested at operational voltage. PD-free terminations at each end
were necessary in order to prevent spurious discharges from
interfering  with  subsequent  time-difference-of-arrival
(TDOA) measurements. These were constructed using pre-
moulded stress cones. The application of a ramped ac voltage
revealed that the fault underwent transition from a high to a
low resistance, manifested by a single transient waveform
generating sufficient current to be extracted using two high
frequency current transformers (HFCTSs) at each cable end.

The comparatively low resistance of the shunt defect allowed
Joule heating of the channel to be used as a means of
confirming or otherwise, TDOA location accuracy.

2.2 TIME-DIFFERENCE-OF-ARRIVAL
MEASUREMENT

Figure 1 shows the experimental setup for TDOA location.
The TDOA location technique has been a subject of interest in
overhead power line research [7]-[9]. For example, Bo et al
[10] have applied this method to overhead power lines and
suggested it can be applied to underground power cables. In
this case the cable was connected to the output of a 50 kV
transformer with the voltage applied between the core and
sheath. The supply voltage Vs was increased until transition
from a high to a low resistance occurred in the fault channel.
The resulting single fast transient current pulse was extracted
at each cable end by positioning two HFCTSs the earth straps,
as shown in Figure 1. Each HFCT had a sensitivity of 5 V/A
in the operational range 5 kHz - 10 MHz.
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Figure 1. Experimental setup for TDOA location of breakdown pulse from
cable fault.

Knowledge of the propagation velocity u, of a transient
electromagnetic wave in the EPR medium was necessary for
time-of-flight calculations. Due to dispersion effects, u, varies
with frequency. It was therefore necessary to determine the
propagation velocity of transverse electromagnetic waves in
the coaxial transmission line formed by the cable in the
expected frequency range of electromagnetic radiation
emanating from a typical breakdown current pulse. To
determine u,, the experimental setup shown in Figure 2 was
used.
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Figure 2. Experimental setup for measurement of propagation velocity u,.

Injection of repetitive pulses in the appropriate frequency
range was achieved using a mercury wetted relay (MWR)
device. This allowed fast switching of high amplitude pulses
in a nanosecond timescale, producing similar waveforms to
those observed as a result of cable breakdown. Both the initial
injected pulse and the pulse reflected from the open circuit
end of the cable were captured using a non-linear attenuator



circuit based on PIN diodes, as shown in Figure 2. This novel
approach protected the oscilloscope’s input voltage from the
initial high amplitude injected pulse, while still allowing the
low amplitude reflected pulse to be measured with high
sensitivity. The time difference between injected and reflected
pulses was 581 ns, corresponding to twice the transit time of
the cable. Since the exact physical length of the cable could be
measured, u, could be calculated using the equation u, = | /AT
where 1 is the physical length of the cable and T is transit time
along its length. In this case, u, = 43.1/290.5 x 10° =148 x
10® ms™.

The measurement error in time difference was estimated to
be 4 ns, caused by limitation of the scope’s horizontal
resolution combined with the error in estimating the starting
point of the reflected pulse’s rising edge due to dispersion
effects.

Variation in the conductivity of the fault was evidenced by
a fluctuation in the voltage across the cable, with the peak of
the supply voltage occasionally clipping as the fault channel
underwent quasi-breakdown at high amplitudes. At this
transition point it was possible to observe low amplitude
emitted transients. An example is shown in Figure 3.

—hretd) |

0 05 1 15 2 25 3 35 4 45 5
time (ps)

ch| (mV)
I‘Li (=] h
L
?

0 0.5 1 15 2 25 3 35 4 4.5 5
time (us)

Figure 3. Measured traces at the respective HFCTSs arising from breakdown
at the site of the cable fault. At = 261 ns.

Fault location was then calculated using the equation:

4 I—At-u, )
2

where At is the time-difference-of-arrival between measured
signals at HFCTs 1 and 2. This was achieved by identifying
similar features on the respective waveforms arriving at each
HFCT, such as the initial peaks, and estimating the time
difference between these features. Taking into account
measurement errors in At and AT, the signals shown in Figure
3 correspond to a fault location of d = 2.18 * 0.56 m from
HFCT1 (see Figure 1).

2.3 THERMAL LOCATION

To verify the accuracy of the above results, thermal location
was next applied. Energy dissipated by the fault current was
sufficient to raise the surrounding region above ambient
temperature. A thermal imaging camera (FLIR E45) with a
temperature resolution of 0.1°C was used pinpoint the location
to within a few cm.

The cable was energised for 15 minutes at a maximum
applied voltage of 35 V rms. This relatively low value was
due to the shunt fault forming a low resistance channel to
earth, reducing the potential difference between core and
sheath. Thermal imaging revealed the location of the shunt
fault to be 1.8 m from the cable end. This falls within the
measurement error of the previous location result, confirming
the accuracy of the applied TDOA method. Figure 4 shows a
thermal image of the energised cable overlayed on a
photograph of the same planometric view of the cable layout.
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Figure 4. Fault location using infra red imaging. The location is 1.8 m from
the cable datum end. For clarity, this composite image consists of the
thermal image superimposed on a photograph of the experimental setup.

The cable had been placed in a spiral arrangement so that
the entire cable length was within the field of view. The site of
the fault was apparent on the inner coil of the spiral
arrangement as evidenced by increased temperature in the
region. Once thermal equilibrium was reached the peak cable
temperature was found to be 21.7°C (2.5°C above the ambient
level).

It was of interest to characterise parameters of the fault. For
example, since the cable voltage, current and phase could be
measured, fault resistance could be evaluated in terms of its
variation with applied voltage. The resistance of the active
fault region is related to its reflection coefficient. Knowledge
of this resistance is therefore useful in determining the
accuracy of reflection-based location methods. This will be
discussed further in the next section.



3 DEFECT ANALYSIS

3.1 CHARACTERISATION OF RESISTANCE

The voltage across and current through the cable were
measured as indicated in Figure 5, where, I, is the primary
current, | is the secondary current, V; is the secondary voltage
and Ceape is the capacitance of the cable under test from inner
to outer conductor.
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Figure 5. Experimental setup for measurement of fault resistance R of the
conductive channel between core and sheath.

The real part of the secondary current was calculated from
the phasor diagram in Figure 6 using the equation:

I, =c0s(9)- I (2)
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Figure 6. Phase relationship between voltages and currents in the
measurement set up of Figure 5.

The fault resistance was calculated by dividing the
secondary voltage by Ir. Four different tests were carried out
to check repeatability. Due to the limitation in current which
could be drawn from the LV supply (around 16 A), the
maximum voltage that could be applied to the cable was
around 35 V rms at the point where the defect resistance had
reached a steady-state value. Figure 7 shows the variation in
the fault resistance measurements for four repeated
experiments.

Due to the capacitive impedance of the cable, a phase
difference existed between the secondary current and
secondary voltage, with the current leading the voltage by an
angle between 0° and 90° depending on the value of fault
resistance R¢. Calculation of the fault resistance required the
real part of the secondary current to be known. It was
therefore necessary to measure the phase difference between
Vs and . It was found that the capacitive impedance of the
cable dominated, having an approximate value of 200 kQ and
that the phase difference was small (~5%), especially at higher

applied voltages. Fault resistance fluctuated between 2 kQ and
6.5 kQ at the minimum applied voltage. The variation in fault
resistance was plotted against the voltage across the cable (test
object). This is shown in Figure 7.
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Figure 7. Variation of fault resistance with the voltage across the cable.

Arrows shown in the figure indicate an increasing supply
voltage (and current) applied at the primary winding. In each
of the four tests, a corresponding increase occurs in the
voltage across the cable, until the fault reaches a transition
point where its resistance decreases significantly. In each of
the test cases, the defect resistance approaches a minimum of
around 200 Q at the maximum applied primary voltage. This
minimum value was consistent with that initially obtained by
the site engineer, leading to decommissioning of the cable.

3.2 PHYSICAL INSPECTION

A short cable section of approximate length 200 mm was
removed at the location of the suspected fault. With the outer
sheath and aluminium wire armour removed, visible damage
was found at a location corresponding to 1.8 m from the cable
end nearest HFCT1. This confirmed thermal and TDOA
location accuracy to within a few cm. Carbonised tracking
was evident around the perimeter of a 3 mm occlusion at the
site of the breakdown. It was proposed that the internal
structure would be revealed in further detail by means of X-
ray computed tomography. This is described in the following
section.

3.3 X-RAY COMPUTED TOMOGRAPHY

The aim of the analysis was to capture internal geometric
detail of the fault and surrounding medium. X-ray computed
tomography (or computed axial tomography) is ideally suited
to this purpose. In this method, the sample is rotated axially,
with an X-ray image taken at each small increment in rotation
of the test object. On completion of the X-ray process digital
geometric processing is applied to the acquired images in
order to reconstruct the sample into a 3-dimensional digital
representation of the volume. This approach is highly
advantageous as it allows for non-destructive analysis of the
fault.



The X-ray scanner used in this study was a Nikon custom
static bay with a 225 kV multi-metal anode source. The
samples were positioned between the X-ray source and a 2k
by 2k Perkin Elmer 1621 XRD 16-bit amorphous silicon flat
panel detector, allowing images to be captured in high detail.

Several factors had to be considered when determining the
feasibility of X-ray imaging of the sample. Firstly, an
appropriate beam energy spectrum had to be chosen. Unlike
biological samples which are commonly analyzed using X-ray
computed tomography techniques, scanning of the cable is
challenging in that the beam must simultaneously have high
enough energy to penetrate through the conductive sections
and be detected by the receiver, whilst still allowing the subtle
internal features of the low density EPR layer to be captured
in high detail. After initial trials it was found that a
Molybdenium (Mo) anode source was most effective in
producing an appropriate photon energy spectrum to clearly
identify all internal features of the samples.

Secondly, it was desirable to achieve as fine a spatial
resolution as possible. In the present setup, X-ray resolution
was limited by the sample size due to the relative positions of
the source, sample and detector array. The sample was placed
as close as possible to the X-ray source. The beam was
emitted from the point source, passing through the sample,
and then detected by a flat panel array of around 0.5 m. The
closer the test object can be placed to the source, the greater
the spatial resolution of the captured images on the detector.
An analogy here is that of a lamp projecting a shadow onto a
wall; the closer an object is placed to the lamp, the finer the
spatial resolution of the shadow that it casts. In the case of the
cable, which has a diameter of 30.5 mm with the outer
conductor removed, points on the sample could be positioned
a maximum distance of 30.5 mm from the X-ray source. This
led to a minimum achievable resolution of 18.3 um. Test were
initially carried out using the full cable sample, giving
geometric details at the above resolution. To achieve finer
resolution, a small slice of the insulating layer was removed,
allowing it to be rotated in front of the beam at a distance of
less than 15 mm. This allowed internal details of the EPR slice
to be viewed with a greatly improved minimum resolution of
9 um.

The third consideration in the feasibility of testing was
tomographic reconstruction of the data. The geometry of the
object plays an important role. Fortunately, the quasi-isotropic
cable geometry lends itself ideally to volumetric
reconstruction of a series of images around the cable’s central
axis. This was because the reconstruction software was able to
easily identify common highly contrasting features of
consecutive images such as the outer edges of the aluminium
core and EPR layer. The data could therefore be reconstructed
with a high degree of accuracy.

Initially, the cable sample was scanned with the inner
conductor, semicon and EPR layers intact. It was found that
the following settings achieved the optimal contrast on

acquired images: Acquisition time = 1.4 seconds; Applied
voltage = 110 kV; Applied X-ray current = 85 pA. The total
size of the raw images was around 20 GB. Since images were
reconstructed at the maximum possible resolution, the
reconstructed volumes were around 50-100 GB is size and
required intensive graphical and computational processing to
plot. Fig. 8 shows a reconstructed orthographic slice on a
plane normal to the cable’s longitudinal axis.
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Figure 8. Reconstructed X-ray slice through defective cable section
showing breakdown channel and conducting particle contaminant.

Several features are immediately evident. Firstly, the
breakdown channel is clearly visible, having a diameter of 2-3
mm. Tracking caused by the breakdown current has
extensively degraded the dielectric so that the channel is
essentially an air gap at this stage. Secondly, the breakdown
has caused the inner semiconductor to detach from the inner
conductor leaving a cavity. Thirdly, eccentricity is evident,
with a 1 mm offset between the longitudinal central axes of
the aluminium stranded core and the EPR insulation layer,
resulting in an increased insulation gap on one side of the
cable and a reduced insulation gap on the other. Fourthly, the
presence of at least one high-density particle with an
approximate diameter of 100 pm is evidently embedded
within the insulation layer. The particle appears to have a
similar density to that of the aluminium core. The appearance
of the particle on this arbitrary cross section suggests a
possible high contaminant density in this region.

Fig. 9 shows the results of volume rendering of the
reconstructed data. Rendering the high-density region as an
isosurface, while separately rendering the volume of the EPR
and semiconducting layers, allowed the effect of artificially
removing the insulation layer. This revealed the presence of
multiple high-density contaminants. Several contaminants
have been highlighted in Fig. 9 (c) for illustration purposes.
Damage to the inner core is evident around the breakdown
region as is an increased contaminant density. Due to
sustained stressing, the fault has largely disintegrated the EPR
region surrounding it. Particle diameters are of the order of
100 pm.

At this stage it was likely that the maximum resolution of
the measurement system was imposing a limit on the visible
internal details of the insulation layer. As mentioned



previously the size of the sample imposes a lower limit on the
imaging resolution of the X-ray system and consequently, the
smallest resolvable detail of the sample. A thin slice of EPR
was therefore removed from the cable and analyzed
separately. This achieved an improved minimum resolution of
9 um. Results are shown in Figs. 10 and 11. It can be seen
from the 2D orthographic view of Fig. 11 that more
contaminants are now visible, with diameters ranging from 40
um to 300 um. Note that the bright regions near the edges of
the sample are not due to increased material density but are an
artifact of the geometric reconstruction algorithm.
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Figure 9. Reconstructed cable geometry from X-ray scans. (a) EPR layer is
fully visible, (b) EPR layer set to semi-transparent, (c) EPR layer hidden to
show particle contamination and damage to inner conductor.

Fig. 11 shows the reconstructed volume of the small
dielectric sample. Setting the low-density insulation region as
a semitransparent layer reveals the embedded contaminants.
The average particle density in this region is 1 particle per
2.28 mm®,

The above results show a non-destructive method of
obtaining the internal geometrical characteristics of the
breakdown region and insulation layer, revealing details of
high-density contaminants with a resolution of 9 pum. The
following sections present the results of additional analysis
using scanning electron microscopy and spectroscopy
techniques to reveal more detailed geometric detail and
elemental composition of the cable sample.

EPR layer

Inner semiconductor

Figure 10. Reconstructed 2D orthographic slice of a thin sample of
insulator near the defect region. Embedded high density particles appear as
light regions. Dimensions are in mm.
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Figure 11. Reconstructed 3D geometry of a thin sample of insulator and
semiconductor removed from near the defect region. (a) Semiconducting and
EPR layers fully visible, (b) EPR and semiconducting layers set
semitransparent to reveal embedded high density particles. Dimensions in
mm.

3.4 SCANNING ELECTRON MICROSCOPY

Computer aided X-ray tomography has revealed
geometrical detail down to a pm resolution. Detected
contaminants appear to have a density similar to that of



Aluminium. Investigation of whether the observed particles
may be the source of the breakdown requires further analysis.
Specifically, finite element modeling should allow the degree
to which the electric field enhancement in the region is likely
to induce breakdown.

In this case, an EDAX Evo 50 system was used, allowing
geometric details to be resolved at a sub-micron resolution.
With a maximum magnification of 1,000,000x, features down
to 2 nm could be resolved. The only disadvantage was the
destructive nature of the method; it was necessary to
physically cut the insulation material, since it is only possible
to scan the surface of a material. This meant that the
probability of finding an anomalous particle on the surface of
a sample decreased significantly compared to the previous
technique.

The test procedure was as follows: Firstly a few, thin EPR
samples with a surface area of a few mm? were cut from the
EPR layer using a scalpel. For SEM microscopy to be
effective the samples must be conducting. Charge buildup will
manifest itself as high brightness regions, distorting the
micrograph image. Clearly, EPR is an insulating material
particularly effective at storing charge. Prior to scanning,
therefore, it was necessary to gold-plate each sample to a
thickness of a few atoms. A standard Kimball filament was
used as the SEM electron source. With the chamber evacuated
and the sample correctly positioned, it was found that a probe
current of 10 pA and an applied voltage of 15-20 kV produced
the best images. One of the initial results is shown in Fig. 12.
The embedded particle is clearly visible with more details of
the geometry now evident compared with the previous X-ray
images. The particle shape is typical of those encountered in
other SEM micrographs, having flat regions and several sharp
edges.

........

Figure 12. SEM micrograph of a sliced surface of EPR insulating material
from the cable sample showing an embedded high density particle.

3.5 ENERGY DISPERSIVE X-RAY SPECTROSCOPY

Based on results of the previous sections, the elemental
composition of the contaminants may only be assumed on the

basis of apparent density as it appears in the X-rays.
Computation of electric field enhancement using finite
element analysis relies on knowledge of the electrical
conductivity and relative permittivity of the elements or
compounds in the cable sample. Knowledge of the elemental
composition is important in understanding the underlying
cause of breakdown since regions with varying permittivity or
conductivity can greatly enhance the localized field.

The EDAX Evo 50 SEM system used in the present
investigation also facilitates Energy Dispersive X-ray (EDX)
spectroscopy, which allows the elemental composition of
materials to be determined. Initial results have indicated that
several elements were present within the small number of
particles considered. lron, Magnesium, Aluminum, Silicon,
Oxygen, Calcium, Sulphur, Copper and Carbon were found to
be present in varying quantities from particle to particle. The
differences in elemental composition between particles
indicates the material has not been synthesized and is some
sort of naturally occurring mined mineral ore. This suggests
the presence of a filler material, perhaps Magnesium or
Aluminium Oxide, to bulk up the EPR at the manufacturing
stage. Whether this is the case for the larger particles such as
those shown in the CT scans remains to be investigated, as
does the effect of electric field concentration on particles
made of such compounds. This will be the subject of future
analysis.

4 DISCUSSION

The ultimate goal of the investigation is to diagnose the
initial cause of the observed breakdown. Analysis has
suggested that high contaminant density, eccentricity of the
inner core, or a combination of both may have been
responsible. Previous work by the authors [11] has suggested
that the combination of field enhancement due to conducting
particle contamination and core eccentricity causing reduced
insulator thickness, has the potential to enhance the localised
field above breakdown strength for an aged insulator. It was
shown that a spherical conducting particle could increase the
electric field concentration to a maximum of 14.43 kV/mm in
the present cable geometry. Reported breakdown strengths of
EPR are in the region 30-40 kV/mm [12]-[15], with the
probability of breakdown increasing with temperature, ageing
time and moisture content. Breakdown strength for EPR has
been reported to reduce to around 20 k\V/mm for ageing times
over 11000 hours and with a moisture content of around 1.4 %
and greater [12]. Results of the present study seem to confirm
this.

That the cable was operational for 26 years indicates that
inherent stress enhancement from particle content and
geometric non-uniformity caused degradation of the materials.
Over the 26 year operating life, localised degradation likely
extended through the EPR until a breach was formed and
resulted in complete breakdown.

The cable was manufactured according to British Standard
BS6622 [6]. Since tests for contaminants were not a



requirement, this was likely not considered at the time of
manufacture. BS6622 does, however, specify minimum
insulation thickness requirements. Examination of the
standard used at the time of manufacture reveals that the cable
does not meet these requirements. A ‘minimum average
thickness” of 3.4 mm and a ‘minimum thickness at a given
point’ 2.96 mm are specified. Since results show a minimum
thickness at the breakdown location of 2.7 mm it must be
concluded that this was a factor leading to breakdown.

Other standards on medium voltage cable specification,
such as AEIC CS8-07 [16], do specify a maximum
permissible contaminant diameter and density per unit
volume. Although the cable under inspection was not
manufactured according to this standard, if we compare the
stated maximum permissible particle diameter of 0.125 mm
with the largest particle discovered through X-ray CT
scanning (0.310 mm as shown in Fig. 11 (a)), it is clear that
the cable would also fail this initial test. Examination of the
small insulation sample of Fig. 11 (b) shows that the cable
would also have exceeded the maximum permissible particle
density requirement as stated in AEIC CS8-07 (1 particle >50
pm per cm3) if manufactured according to this standard rather
than BS6622. Chan et al [4] correctly note that standard
partial discharge testing of a new cable will only indicate the
presence of a contaminant if poor bonding occurs between the
particle and the surrounding dielectric, resulting in a gas
cavity. Although these particles may remain initially
undetected, they can lead to breakdown in the long term
through electrical or water treeing. It may also be possible for
stored charge on particles to lead to attraction of small
reactive species which may exacerbate degradation.

Some standards already specify the application of
microscopy on new cable samples [16]. Although this
procedure is recommended as it would increase the detection
rate of any manufacturing anomalies, the occurrence of non-
uniform contaminant density or isolated contaminants means
that the method of cutting small insulator sections at random
is statistically unlikely to yield useful results. Unfortunately,
only a single contaminant large enough to induce electric field
stressing sufficient to initiate PD or initial tree growth is
needed to initiate breakdown of an entire cable section. X-ray
methods such as those outlined in the present investigation are
effective in detecting such contaminants, but application of the
technique on a large scale at the manufacturing stage would be
uneconomical and labor intensive. To ensure extruded
shielded cable reaches an operational lifespan more closely
matching its designed value, it is therefore clear that, in
addition to stringent testing requirements, more rigorous
contaminant removal processes, such as those discussed in
[17]-[19], should be employed at the manufacturing stage.
Although strong bonding of contaminants to the surrounding
dielectric may preclude de novo PD monitoring as a detection
strategy, it is proposed that PD detection conducted at least on
a regular basis, if not continuously, may lead to successful
detection of the effects of particle contamination as the cable

ages. This could be tested through the implementation of
monitoring strategies on remaining specimens in this family of
cables. In addition, future work on finite element modelling
and testing of the breakdown strength of contaminated
insulation material in light of the present results should
contribute to cumulative research towards specifying
acceptable limits on the nature and levels of contaminants in
extruded dielectric cable systems.

5 CONCLUSIONS

This study has presented the results of an investigation into
a defective 11 kV shielded EPR power cable. Breakdown of
the defective region was repeated by applying an ac voltage
between core and sheath. The fault was then successfully
pinpointed using time-difference-of-arrival techniques to
isolate the origin of the breakdown pulse to within a few
meters. The location of this shunt resistance fault was
confirmed to within a few cm using thermal imaging
techniques to identify the high temperature region produced
by Joule heating of the low resistance fault channel when a
voltage was applied to the cable.

Subsequent X-ray analysis of the breakdown region and
concomitant through scanning electron microscopy of the
surrounding EPR dielectric has suggested a possible cause of
breakdown to be degradation initiated by high field stressing
due to particle contaminants in combination with an reduced
insulation gap due to core eccentricity. X-ray computed
tomography has shown the presence of numerous high density
particles embedded in the dielectric layer. The maximum
contaminant diameter in the region under examination was
310 pum and the average contaminant density was 1 particles
per 2.28 mm°. The minimum insulation thickness in the
breakdown region was found to fall below the minimum
acceptable value specified in the BS6622 standard, and
although no requirement for allowable contaminant levels was
specified in this standard, comparison with similar standards,
which do specify a minimum contaminant diameter, shows
that the cable would have failed in this regard also.

Scanning electron microscopy and energy dispersive X-ray
spectroscopy have shown the particle geometry in detail and
suggested the elemental composition of the contaminants
consists of a metal-oxide ore filler material. In light of these
results, it is suggested that operators of cables in the same
family adopt a partial discharge monitoring strategy as this
may increase the probability of detecting the observed fault in
the initial stages of degradation.

Future work will comprise of additional scans of the EPR
region. Further studies will be carried out to simulate electric
field stressing due to particle contaminants using geometry
and elemental composition based in the above results.
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